We show that scattering of a surface plasmon by lump-like defects on the walls of a metal/dielectric/metal slot waveguide may be accompanied by 3D nanofocusing of light. Such nanofocusing results in the emergence of "hot spots" of nanometer size with a field intensity several orders higher than in the incident plasmon. This effect takes place only if the lump size is smaller than some critical value. We also demonstrate that a so-called plasmonic "black hole" can concentrate electromagnetic energy as well. We believe that the effect of plasmon nanofocusing may be used for plasmonic nanosensing or subwavelength microscopy.
INTRODUCTION
The surface plasmon is currently one of the most popular objects that is intended to provide light nanolocalization and light nanofocusing [1] [2] [3] [4] for applications in different fields of nanophotonics, such as medicine and biology diagnostics [5, 6] , surface plasmon nanolasing [7, 8] , and integrated optics [9, 10] . Transverse energy localization of surface plasmons in thin planar metal/dielectric/metal (MDM) slot waveguides may reach values of several tens of nanometers in visible and near-infrared bands. The choice of the waveguide dielectric gap profile can serve as an effective tool for surface plasmon control. For example, the study of nanofocusing in tapered homogeneous [11, 12] and inhomogeneous [13] [14] [15] MDM slot waveguides shows an enhancement of plasmon propagation distance due to waveguide tapering along with simultaneous nanofocusing because of lateral inhomogeneity in the waveguide. Also the Kerr-like nonlinearity of a dielectric filling the waveguide slot can be a cause of spatial plasmon-soliton formation [16] that may provide nanofocusing of the plasmon beam in the plane of the waveguide slot and enhancement of propagation distance similar to linear nanofocusing in lateraly inhomogeneous waveguides [17] . Controllable plasmonic hot spots of nanometer size on the metal surface can appear as the result of interference of two Airy plasmons [18] .
In this paper we draw attention to 3D plasmon nanofocusing in the MDM waveguide (bearing in mind an intrinsic localization across the metal surfaces) resulting in plasmon scattering by a lump-like defect, which is a circular deformation of the metal walls of the waveguide. Below we use the socalled effective refraction index approximation (ERIA), which allows the description of the electromagnetic field of a surface plasmon as a volume wave in some medium with an effective refraction index (or a dielectric permittivity). Usually, such an approach enables one to avoid significant difficulties in the numerical calculations of plasmonic waveguides, especially at the edges of metal and in places where the waveguides join (see, for example, [19] [20] [21] ). Specifically, we use the ERIA approach, which has been rigorously developed for very thin MDM waveguides with slot thicknesses comparable to (or even less than) electromagnetic field penetration depth into metal [14] .
Within the framework of this approach the plasmon field in the MDM slot waveguide is described in terms of the voltage drop between metal surfaces inside the waveguide slot U E z a, where E z is the electric field component across the slot, and a is the local slot thickness:
where
x, y are the lateral coordinates along the surfaces of a quasiplanar slot (geometry of the problem and corresponding coordinate system are shown in Fig. 1 ), Δ ∂ 2 ∕∂x 2 ∂ 2 ∕∂y 2 is the lateral Laplassian, Λ p c∕ω p is the field penetration depth into metal, ω p is the electron plasma frequency in metal, ν is the electron scattering rate in metal, ω is the plasmon frequency, k 0 ω∕c, c is the speed of light, and ε D is the permittivity of the dielectric filling. We consider the electric field to be a fundamental even plasmon mode that is the only propagating mode in this frequency and waveguide thickness domain.
The validity of the approach based upon Eqs. (1) and (2) requires on one hand a characteristic lump size L to be large enough in comparison with Λ p and a, L ≫ Λ p , a, ensuring the local field structure will be kept the same as that in a purely plane-parallel waveguide with a const, and on the other hand, that the waveguide gap thickness, a, will not be too small: a > a c . The critical thickness of the waveguide slot,
p , characterizes the minimal thickness value while surface plasmon propagation is still possible. For the considered telecommunication band λ 0 2π∕k 0 1550 nm,
PLASMON SCATTERING BY 2D CIRCULAR LUMP-LIKE DEFECT ON THE WAVEGUIDE WALL
In order to study the features of plasmon scattering by the lump-like defect on the wall in the MDM slot waveguide, we consider a circular narrowing of the waveguide slot with
at ρ < L, and ax; y a L const at ρ ≥ L. The point of origin is superposed with the center of the lump. The profile of the real and imaginary parts of effective dielectric permittivity for two sets of parameters is shown in Fig. 2 . It is necessary to note that the imaginary part of effective dielectric permittivity depends on the lateral coordinates x, y in the same manner as the real part [see formula (2) ].
The enhancement of real and imaginary parts in the lump center ρ 0 relative to that at lump circumference can be conveniently characterized by parameter S a L ∕a 0 . For very thin slot a < Λ p (the usual values of field penetration depth into noble metals lie within 20-40 nm), the ratio
We look for the solution of Eq. (1) in the form Uρ; ϕ P ∞ m−∞ U m ρ expimϕ, where m is the number of the angular harmonic and ρ; ϕ are the cylindrical coordinates. Thus, Eq. (1) yields a set of the infinite number of equations for each mth angular harmonic
and
The electromagnetic field outside the lump described by Eq. (4) is assumed to be composed of an incident plane-wave plasmon and a scattered plasmon, which can be represented as the series over all angular harmonics satisfying the radiation conditions, respectively,
Here J m ζ represents Bessel functions of the first kind, H 2 m ζ represents Hankel functions of the second kind, U 0 is the local amplitude of incident plane-wave plasmon in the vicinity of the lump, and F m is the scattering amplitude of mth angular harmonic.
Writing the expression (5), we believe that the amplitude of the incident plasmon does not change on the lump scale since the plasmon propagation distance l p in thin MDM slot waveguides is much greater than the considered lump sizes; thus the argument of Bessel function in (5) is considered to be real. Indeed, the plasmon propagation distance l p can easily be estimated by Eq. (2):
The solution of Eq. (3) for the inner part of the lump can be found numerically. The boundary conditions of continuity U m ρ L and dU m ∕dρρ L allow us to calculate the scattering amplitudes F m . The effective dielectric permittivity grows toward the lump center, which, in turn, means focusing properties of the lump.
The pattern of the field intensity I jE z j 2 jUρ; ϕj 2 ∕ a 2 ρ generated due to the interference of the incident and scattered plasmons for the lumps of different diameters is displayed in Fig. 3 for D 2L 240 , 500, and 850 nm and different values of parameter S, which characterizes the relative narrowing of the waveguide in the bottleneck at the lump center.
One can see that near the lump center the light intensity exceeds the intensity of the incident plasmon by several orders because of the focusing, thereby making up so-called "hot spots" of nanometer sizes. The light intensity in the hot spot is determined by a competition between plasmon energy flow intercepted by the lump and ohmic and radiative energy losses in the lump, which are determined by the lump diameter and parameter S. Increasing the lump size leads to complexity of the field structure around the defect.
Scattering is usually characterized in terms of differential and full scattering cross sections, dσ∕dϕ, σ tot . It is noteworthy that in a lossy medium (in our case Imε eff ∕Reε eff ≈ ν∕2ω ≈ 0.03), the far-field pattern does not have enough space to form. However, the scatterplot provides a useful qualitative picture. An example is shown in Fig. 4(a) for the same parameters as in Figs. 3(e) and 3(f). Note that in this case the scattering efficiency decreases with higher values of the parameter S, i.e., with higher ε eff . This can be understood as a result of resonant phenomena related to excitation of the angular eigenmodes of the lump, which may appear for greater S as a result of the plasmon slowing down inside the defect. The effect is demonstrated by the inset in Fig. 4(a) , where the distribution of the full cross section over the azimuthal harmonics with numbers from 0 to 6 for S 3 and S 10 is shown. Behavior of the cross section, σ tot , (nm) on the plane of parameters S and L is displayed in Fig. 4(b) . Indeed, one can see that the dependence on S is not monotonous and the maximal value of σ tot in this parameter interval is about two times larger than 2L.
Hot-spot size weakly depends on the lump diameter and, according to numerical simulations, may change within 20-100 nm, which could be potentially useful for microscopy and nanosensing applications. Taking into account plasmon transverse intrinsic localization across the waveguide slot, we therefore have an effect of 3D subwavelength nanofocusing of light.
PLASMON SCATTERING BY PLASMONIC "BLACK HOLE": EXACT SOLUTION OF SCATTERING PROBLEM
Recently, Nerkararyan et al. [22] introduced the term "plasmonic black hole" as an omnidirectional broadband absorber formed by two touching spherical surfaces. Such a black hole can almost totally absorb incident surface plasmons traveling between spherical surfaces to the point of contact. Also, using an ERIA approach and ray-tracing approximation, the authors found that total absorption is related to the field singularity in touching point. In fact, such a singularity provides total absorption of the rays in the range within certain launch distance despite the energy losses in metal.
It is quite obvious that considered lumps touching the opposite wall of the waveguide gap completely correspond to the conditions defining the plasmonic black hole. In our notations this means a 0 0 or S → ∞. Under these conditions Eq. (3) describing the plasmonic field inside the lump ρ < L can be rewritten as follows:
While the Eq. (6) is not valid in the vicinity of the touching point, 0 < ρ < a c , one may expect that the final results will not strongly differ from the exact solution since a c ∕L ≪ 1. In this case both the real and the imaginary parts of effective dielectric permittivity are singular in the center of the lump.
Equation (6) has the simple analytical solution
where C First of all this condition should be implemented for the monopole angular mode with m 0,
which, on the other hand, leads to the condition for the lump size
The presence of the critical size of the lump distinguishes our result from the result obtained in [22] by means of ray tracing. The solution (7) is valid if the energy stored up in the vicinity of the touching point is finite. Otherwise it just indicates that approach based upon ERIA approximation is useless. Taking into account that stored energy is proportional to the integral W ∼ 2π R L 0 jE 0 z ρj 2 ρdρ such a situation takes place at Reκ 0 < 1 and the electric field energy becomes nonintegrable. As a result we obtain an additional inequality
Hence, the field distribution with finite energy and with the singularity in the center can be realized for the lump with the radius L c ∕2 < L < L c . If the lump size exceeds the critical value (9) the field intensity in the center of the black hole is equal to zero. However, the black hole absorbs intercepted plasmon energy. The plasmon scattering pattern is shown 
CONCLUSIONS
In conclusion, the scattering problem of surface plasmons by lump-like defects on the wall of the MDM slot waveguide has been considered. It was shown that such a plasmon scattering can be accompanied by plasmonic hot spots of nanometer size formation with field intensity several orders greater than the intensity of the incident plasmon. This phenomenon may be interpreted as 3D nanofocusing of light. Plasmon scattering by the so-called plasmonic black hole has also been studied. The exact solution was obtained and 3D electromagnetic energy nanolocalization was demonstrated for lump size smaller than some critical value.
